Abstract Studies on hybridization, inheritance, and population genetics of brown planthoppers that infest rice and weeds were undertaken using starch gel electrophoresis to determine whether the weed-infesting population represents a biological race or a species. F 1 and F 2 generations were produced by crosses between parental insects from the two populations with little indication of hybrid sterility. Gpi, Mdh, and Idh loci were inherited in a simple Mendelian fashion in families of two sympatric populations. Sixteen populations of Nilaparvata spp. from eight locations were collected. The Mdh, Idh, Pgm, Gpi, 6Pgd, and Acp loci were polymorphic. The N. lugens of rice with high esterase activity were clustered into a group and characterized by the presence of alleles Gpi 110 and Gpi 120 , whereas N. lugens from weeds with low esterase activity were clustered into another group and characterized by Gpi 100 and Gpi 90 . There was a lack of heterozygotes between the common alleles of the two populations. This means that the two groups of individuals belong to different gene pools.
Introduction
The brown planthopper, Nilaparvata lugens (Stal) (Homoptera: Delphacidae), has become a serious threat to rice production throughout tropical and subtropical Asia with the spread of high-yielding rice varieties and intensive cultural practices since about 1970. It causes hopperburn and complete wilting and drying of rice plants (Dyck and Thomas 1979) . The brown planthopper causes severe sucking damage to rice crops not only by intensive sap sucking (Sogawa and Cheng 1979) but also by transmitting viral disease (Rivera et al. 1966; Ling et al. 1978) . Large-scale rice crop damage caused by this pest was reported in the 1970s in several South and Southeast Asian countries (Dyck and Thomas 1979) . It is a well-recognized problem that genetic diversity existing within an insect species can frequently result in populations capable of defeating host resistance by modifying their genetic makeup when the insect populations are subjected to a strong selection pressure in the form of intensive cultivation of resistant crop varieties. Resistant rice plants were used earlier to combat the pest, but the latter pest developed the ability to overcome this resistance (Khush 1979) . Another N. lugens population was found to infest a weed grass, Leersia hexandra, that grows abundantly in canals near irrigated rice fields in Southeast Asia (Domingo et al. 1983; Sogawa et al. 1984) . The Leersiainfesting N. lugens population fails to survive on rice plants. Conversely, riceinfesting N. lugens does not thrive on Leersia (Heinrichs and Medrano 1984; Claridge et al. 1985a ). The main categories of behavioral and physiological responses during insect establishment on plants are feeding, metabolism of ingested food, growth, adult survival, egg production, and oviposition (Saxena 1969) . Egg hatchability also influences the establishment of those insects that lay eggs inside the plant tissue (Saxena and Pathak 1977) .
There was a controversy regarding the two sympatric populations of brown planthoppers. On the basis of nymphal survival, virulence, ovipositional preference, mate choice, and hybridization experiments, Claridge et al. (1985a) suggested that the rice-and Leersia-infesting populations represented two distinct sympatric biological or sibling species. On the basis of comparative morphometrics and cytological studies of the two populations, Saxena et al. (1983) and Saxena and Barrion (1984) reported that the grass-infesting population is a primitive and nonvirulent biotype of N. lugens. The esterase banding patterns of the two sympatric populations of N. lugens differ from each other and from extracts of their respective host plants. This and the tendency to capture two categories of insects on different host plants seemed to indicate that a cryptic species complex may exist in N. lugens. Thus, mate choice and hybridization experiments are needed for further confirmation (Tan et al. 1995) . Latif et al. (2008) provided evidence showing that the sibling species in the N. lugens complex might have developed through insecticide exposures that were heavier in rice-infesting populations than in grass populations, through RAPD-PCR analysis. A similar finding was made by Field et al. (1993) in M. persicae.
Polymorphic genetic markers, such as isozymes and nuclear or organellar DNA polymorphisms, have been developed for a variety of studies on population structures and subdivisions (Hillis and Moritz 1990; Avise 1993) . The identification Biochem Genet (2010) 48:266-286 267 of a species complex in N. lugens would have very important implications for the formulation of effective control measures of this pest. This study was undertaken (1) to determine the fertility status of the F1 populations, (2) to find suitable polymorphic isozyme markers, and (3) to test the hypothesis that the two sympatric populations of N. lugens are sibling species.
Materials and Methods

Simple Esterase Activity Test on Filter Paper
The insects used for interpopulation crosses, inheritance study, and population genetic studies were tested for esterase activity by a simple filter paper test based on the method reported by Pasteur and Georghiou (1980) .
Interpopulation Hybridization of Two Sympatric Populations of N. lugens
Individuals from two sympatric populations of N. lugens, one from rice and the other from L. hexandra, a weed grass, were used as parents. In order to investigate the fertility of the interpopulation crosses and F 1 hybrids, single pairs of virgin males and females of N. lugens 4-5 days old were set up in cages containing a rice plant (MR 84) for the rice 9 rice crosses and a Leersia plant for the Leersia 9 Leersia crosses. Interpopulation crosses and F 1 hybrid crosses for these insects were set up in cages containing plants of both host types. Each cross was made with 10-30 replications. The males and females were left in the cages for 3 days for the rice 9 rice and Leersia 9 Leersia crosses. Because no mating was found in nature between rice and Leersia populations (Heinrichs and Medrano 1984) , the insects were left for 7 days and then removed for rice 9 Leersia crosses. The nymphs that subsequently emerged from each successful cross were counted. After 14 days, when no more nymphs emerged, the plants were examined and the unhatched eggs were counted. Any crosses for which either no eggs or only unembryonated eggs were found were discarded from the analysis. Data were obtained on duration of emergence of first-instar nymphs (days), average number of nymphs/successful cross, and unhatched eggs (%).
Sample Collection for Inheritance Study of Isozymes Between Two Sympatric Populations of N. lugens
The brown planthoppers used in the inheritance study were collected only from the experiment of interpopulation crosses in Universiti Putra Malaysia (UPM). Parents and progenies from four crosses of the brown planthopper, Rice (female) 9 Leersia (male), Rice (female) 9 Leersia (male), Leersia (female) 9 Rice (male), and Leersia (female) 9 Rice (male) were generated by single pair matings. The male and female parents were immediately frozen at -70°C. F 1 progenies were collected when they emerged as adults. All insects were frozen for at least 30 min prior to use in starch gel electrophoresis. Three enzymes, namely, glucose phosphate isomerase (GPI; EC 5.3.1.9), malate dehydrogenase (MDH; EC 1.1.1.37), and isocitrate dehydrogenase (IDH; EC 1.1.1.42) were studied. The usual starch gel electrophoresis procedures for population genetic studies were used. The Mendelian inheritance studies of isozyme markers were examined by analysis of the banding patterns of the four families. A chi-square (v 2 ) test was performed using a probability level of 0.05.
Sample Collection for Population Study of N. lugens
Sixteen populations of Nilaparvata species were collected from eight locations (seven in Malaysia and one in Bangladesh; Fig. 1 ). These included two sympatric populations of N. lugens, one from rice and the other from L. hexandra, a weed grass, collected from five locations (Table 1) . N. bakeri was used as an out-group. All the insects were frozen at -70°C for at least 30 min prior to use.
Starch Gel Electrophoresis for Population Genetic Studies
Individual insects were ground and homogenized in a 1.5-ml tube in 20 ll distilled water, using a glass rod. Before running the starch gel electrophoresis, a simple filter paper test was carried out to determine the esterase activity of each insect following the method reported by Pasteur and Georghiou (1980) . Small pieces (4 9 9 mm) of Fig. 1 The eight sampling locations (seven in Malaysia and one in Bangladesh) for the collection of Nilaparvata spp. used in this study Biochem Genet (2010) 48:266-286 269 Whatman No. 1 filter paper were used to absorb the homogenates and were inserted directly into starch gel slots. Horizontal starch gel electrophoresis was conducted at 4°C and 500 volts/gel slab. The starch gel was made using 12% starch (Sigma, St. Louis, Missouri) and CA-7 buffer (pH 7.1) (Steiner and Joslyn 1979) . Runs were terminated after about 5 h, or when the bromophenol blue marker had migrated anodally 11 cm from the origin. After electrophoresis, the gels were sliced and stained following the procedures of Shaw and Prassad (1970 The nomenclature for the designation of loci and alleles was based on the method of Shaklee et al. (1990) . When an enzyme was coded by multiple loci, the locus with the most anodal migration was designated one, the next two, and so on. Three samples of N. lugens caught on Leersia from the UPM2 population were present in each gel as controls. The most common allele in the control population was designated 100, and the other alleles were given numbers in accordance with their mobility in millimeters from the most common allele. A locus is defined as diagnostic if an individual can be correctly assigned to one of the two species with a probability of 99.9% or higher.
Analysis of Electrophoretic Data
The Biosys-1 computer package of Swofford and Selander (1989) was used to calculate allelic frequency, proportion of polymorphic loci (P) based on the 0.95 criterion, mean heterozygosity (H), and genetic distance (D) and identity (I) of Nei (1978) . A dendrogram based on Nei's D was drawn using the unweighted pair group method with arithmetic averaging (UPGMA) of Sneath and Sokal (1973) .
Testing for Hardy-Weinberg Equilibrium
The v 2 test is suspect in cases where the expected numbers of some classes are low. If two or more of the expected numbers fall below the critical level of 5, then the v 2 test is no longer valid (Pasteur et al. 1981) . As a consequence, when more than two alleles were observed at a locus resulting in low expected numbers, the genotypes were pooled into three classes and the v 2 test was repeated to overcome this problem. This was accomplished considering all the alleles except the most common one as a single allele. Three genotype classes resulted: (a) homozygotes for the most common allele, (b) heterozygotes for the most common allele and one of the other alleles, and (c) all other genotypes. The resulting v 2 value was used with one degree of freedom (Swofford and Selander 1989) .
Principal Coordinate Analysis
A principal coordinate analysis was performed based on the distance matrix among the population using the NTsys-PC software. The relationship among the populations is expressed in a three-dimensional graph based on the first three coordinates.
Results
Interpopulation Hybridization of Two Sympatric Populations of N. lugens
An esterase activity test was performed on parents after hybridization of two interpopulations of N. lugens. Both the parents used for the rice 9 rice insect matings showed high esterase activity, and those used for the Leersia 9 Leersia matings had low esterase activity.
The average number of nymphs and successful crosses was higher for the control (parental) lines than for rice (female) 9 Leersia (male) and rice (male) 9 Leersia (female) crosses. Conversely, the percentage of unhatched eggs and average days of emergence of first-instar nymphs were higher in rice (female) 9 Leersia (male) and Biochem Genet (2010) 48:266-286 271 rice (male) 9 Leersia (female) crosses than in control parental crosses. The percentage of unhatched eggs was higher in F 1 progenies of two sympatric populations, resulting in a lower number of emerging nymphs (Table 2 ). In the hybrid crosses (i.e., crosses between F 1 progenies) of rice female 9 Leersia male or rice male 9 Leersia female, 26-32 nymphs emerged per successful cross, and 16-20 nymphs emerged from control parental crosses between F 1 progenies of rice 9 rice and Leersia 9 Leersia crosses. The percentages of unhatched eggs and average days of emergence of first-instar nymphs were also higher in rice female 9 Leersia male and rice male 9 Leersia female crosses than in control parental crosses (Table 3) .
Inheritance Study of GPI, MDH, and IDH Isozymes
Each zone of activity was coded for by a single locus for Gpi, Mdh, and Idh, as seen on the gels stained for these three enzymes. As the three enzymes are dimeric proteins, for each locus, individuals of N. lugens exhibited either one (homozygous) or three (heterozygous) bands. The homozygotes for fast and slow alleles for all the loci were designated SS and FF, respectively, and the heterozygotes were designated FS (Table 4) . For Gpi, F = 120 or 110, S = 100 or 90; for Mdh, F = 100, S = 90; for Idh, F = 100, S = 90. Parents showed both homozygous and heterozygous genotypes for all the loci. All progeny of the four crosses among the heterozygous parents were single-banded homozygous and three-banded heterozygous for the same parental alleles, but progeny from homozygous parental crosses (where the parents were homozygous for different alleles) were heterozygous. The progeny from a cross between homozygous rice/Leersia-infesting female and Rice $ 9 Leersia # 2 1 6± 0.10 9-11 (10 ± 0.13) 28 ± 0.14 Rice # 9 Leersia $ 2 2 0± 0.15 9-11 (10 ± 0.10) 27 ± 0.16
heterozygous Leersia/rice-infesting male or vice versa segregated into two parental classes. Single-banded homozygotes and three-banded heterozygotes with no significant deviation from the 1:1 expected ratio were found among the progeny (Table 4) . As expected for the single locus control of the three enzyme hypothesis, all progeny from the three controlled crosses between homozygous and heterozygous parents produced two classes of progeny, segregating almost equally in the expected 1:1 ratio with no significant deviations from Mendelian expectations. Poor sample extraction from family rice female 9 Leersia male or cross contamination could possibly account for the unexpected FF phenotype observed at locus Gpi.
Population Genetic Studies
In the filter paper test, 94.7% of N. lugens from rice showed high esterase activity (5.3% had low activity), and 97.2% of insects from L. hexandra showed low esterase activity (2.8% had high activity), in the samples that were subsequently used for starch gel electrophoresis. Electrophoretic data were obtained and analyzed only for N. lugens from rice and Leersia with known high and low esterase activity. Only N. lugens with high esterase activity were considered to have rice as their true host, and those with low esterase activity were considered to have Leersia as their true host type. A total of 18 enzymes and general proteins were examined electrophoretically. Of these enzymes, 12 along with general proteins gave no activity or were too weak or the bands were not resolved well enough to be scored reliably. Six enzymes encoded by six loci (Acp, Gpi, Idh, Mdh, 6-Pgd, and Pgm) were analyzed for 27-54 individuals per population for all the 16 populations of Nilaparvata spp. (Table 5 ). All the six loci were polymorphic using the 0.95 criterion. Among the six loci, Gpi was the diagnostic marker between the two sympatric populations of N. lugens, one with high esterase activity usually found on rice and the other with low esterase activity usually found on Leersia (Fig. 2) .
The percentage of polymorphic loci was 100 in both the rice and Leersia populations of N. lugens and 66.7 in N. bakeri. The ranges of average heterozygosity of the rice-, Leersia-infesting populations of N. lugens and N. bakeri (out group) were 0.429-0.619, 0.340-0.617 and 0.333-0.395, respectively. The highest average heterozygosity was observed in the rice-infesting populations (0.527), followed by the Leersia-infesting populations (0.478) of N. lugens and the Leersia-infesting populations (0.363) of N. bakeri. The number of alleles per locus ranged from 2.5 to 2.7 in the rice-infesting populations, 2.2 to 2.3 in the Leersia-infesting populations of N. lugens, and 1.8 to 2.0 in the Leersia-infesting populations of N. bakeri. The proportion of polymorphic loci, observed heterozygosity, and number of alleles per locus were higher in the rice-infesting populations of N. lugens compared with the Leersia-infesting populations of N. lugens and N. bakeri (Table 6) .
Genetic identity and distance were calculated and presented in Table 7 . With respect to all the populations, the range of Nei's (1978) The dendrogram based on Nei's genetic distances for the 16 populations of Nilaparvata spp. revealed that populations belonging to the same species and same host type cluster together irrespective of their geographic locality of capture. The populations of N. lugens formed two distinct clusters, one containing insects with high esterase activity, usually from rice, and the other containing those with low esterase activity, usually from Leersia. N. bakeri, an out-group, was the most isolated group (Fig. 3) .
The observed and expected genotypic frequencies of Mdh, Idh, Pgm, Gpi, 6Pgd, and Acp in individuals from two sympatric populations, one showing high esterase activity (usually from rice) and the other showing low esterase activity (usually Table 5 Allele frequency of polymorphic isozymes in Nilaparvata from Leersia), collected from five locations are available on request from the senior author. All the genotypes of Mdh, Idh, Pgm, and Gpi were in Hardy-Weinberg equilibrium in each location (P [ 0.05 for all v 2 tests), but the genotypes of 6Pgd were in Hardy-Weinberg equilibrium in Perak (PK1 and PK2) and of Acp in Sabah (SB1) only (Table 8 ). The observed genotype frequencies for the Gpi locus in the two groups of N. lugens were compared with the expected frequencies calculated 1 2 3 4 5 6 7 Fig. 2 Glucose phosphate isomerase (GPI) electrophoretic patterns, showing the locus Gpi in rice-and Leersia-infesting populations of N. lugens. Lanes 1, 3, 5, and 7, rice-infesting insects; lanes 2, 4, and 6, Leersia-infesting insects Table 6 Genetic variability at six loci in 16 populations of Nilaparvata spp. according to Hardy-Weinberg. None of the population within the two sympatric populations showed a significant deviation from the expected frequency when considered separately, but the v 2 tests revealed a significant deviation from HardyWeinberg equilibrium when the data of the two sympatric populations were pooled in each location. In all the cases, the significant deviations were the result of a deficiency of heterozygotes.
Principal Coordinate Analysis
The first three coordinates accounted for 47.76% of the total variation. The three dimensions of the principal coordinates analysis were effective for separating all the Distance Fig. 3 UPGMA dendrogram based on Nei's (1978) genetic distances among the 16 populations of Nilaparvata spp. Population codes as in Table 1 . UPM1, TK1, MK1, PK1, SB1, NS1, and BD are riceinfesting populations of N. lugens; UPM2, TK2, MK2, PK2, and SB2 are Leersia-infesting populations of N. lugens; UPM3, SB3, NS2, and CH are populations of N. bakeri 
Discussion
Crosses between individuals of N. lugens with high (caught from rice) and low (caught from Leersia) esterase activity produced F 1 and F 2 generations by forced matings. The crossing experiments of this study and those of Heinrichs and Medrano (1984) showed that F 1 and F 2 generations were produced by crosses between insects from the two populations with little indication of hybrid sterility. The results of this study were based on the known esterase activity levels of parents, which the other authors lacked. The acoustic vibrations occur in pulses, and there is good evidence showing that pulse repetition frequency is an important mate recognition signal, at least for N. lugens. The pulse repetition frequency (prf) of N. lugens of rice populations differs from that of sympatric Leersia-infesting populations (Claridge et al. 1985a) . Fertile hybrids between each of the populations can be obtained by forced matings (Claridge et al. 1985a, b) , with prf intermediate to the parental populations, but extensive sampling of populations in the field found no evidence of intermediate frequencies.
In mate choice experiments, Claridge et al. (1985a) found no heterogametic matings between two sympatric populations of brown planthopper. Sogawa et al. (1984) reported that genetic exchanges between two morphologically indistinguishable N. lugens populations are greatly restricted by unsuccessful courtship communication, incompatible host plant preference, and breakdown of host affinity in hybrid progenies. Furthermore, populations from rice and L. hexandra survive better and prefer to oviposit on the host plant from which they were collected; an Australian population of N. lugens collected from Oryza (wild) did not survive on cultivated Oryza races commonly grown in Asia. Thus, the sympatric N. lugens populations from rice and L. hexandra appear to be sibling species (Claridge et al. 1985a (Claridge et al. , 1988 . Although it is difficult to define allopatric populations as distinct species, it has been suggested that the Australian rice and Leersia populations may be sibling species, separate from the Asian populations (Diehl and Bush 1984) . The complex of rice-and Leersia-feeding planthoppers in Asia and Australia provides useful biological systems for testing alternative models of sympatric and allopatric speciation (Claridge and de Vrijer 1994) and theories of the evolution of species recognition systems as species isolating mechanisms (Butlin 1993) . The inheritance study indicated that GPI, MDH, and IDH are each controlled by a single locus with codominant alleles, and these three enzymes are structurally dimeric in the brown planthopper, N. lugens. They can now be used to study the population genetics of the brown planthopper, since their modes of Mendelian genetic control have been confirmed through family studies. Mendelian inheritance of short and long RAPD markers in brown planthopper was also reported by Latif et al. (2008) . Similar family studies have confirmed the Mendelian inheritance of isozyme markers in various species including Anopheles maculatus complex (Tan et al. 1986 ) and Microcitrus spp. (Rahman and Nito 1994) .
Nilaparvata lugens with high esterase activity, usually caught on rice, was characterized by the presence of alleles Gpi 110 and Gpi 120 , whereas N. lugens with low esterase activity, usually from Leersia, was characterized by Gpi 100 and Gpi 90 . Heterozygotes were lacking between the common alleles of the two groups. This means that the two groups of individuals of N. lugens, one with high esterase activity (from rice) and the other with low esterase activity (from Leersia), belong to different gene pools. Hence, the Gpi locus alone was able to reveal the existence of the two groups of N. lugens based on the above criterion. The deviations from Hardy-Weinberg equilibrium are always in the direction of heterozygote deficiency. The absence of heterozygotes between the common alleles of the two groups at the Gpi locus for the two sympatric populations from any one location is a proof of the existence of an isolating mechanism, which is at the heart of the biological definition of a species. Reproductive isolation of two sympatric populations of N. lugens was also studied by Claridge et al. (1985a, b) . Thus, the two sympatric populations are, therefore, two closely related but different biological species. This result corroborates the findings of Tan et al. (1995) , Latif et al. (2008) , and Claridge et al. (1985a, b) . Saxena and Barrion (1985) also reported that karyotypes, idiograms, nuclear organelles, and chromosomes within the nucleolus-organizing region (site of RNA synthesis) showed clear differences between rice-and Leersiainfesting populations of N. lugens. Despite their morphological similarities, a distinct cytological incongruity and a certain degree of genetic isolation between the two populations was inferred. Saxena and Mujer (1984) studied 18 enzyme systems of the rice biotype of N. lugens and a population from the grass Leersia hexandra (Swartz) using starch gel electrophoresis, but without the esterase activity test for each of the insects that they used. Therefore, although the gene frequencies differed slightly between the rice biotypes and the Leersia-infesting population of N. lugens, no diagnostic isozyme difference suitable for field identification was found. Similar results were also found by den Hollander (1989) .
Nilaparvata lugens with high esterase activity, usually from rice, clustered together as a group. On the contrary, Leersia-infesting populations with low esterase activity, usually from the weed grass L. hexandra of the same localities, formed another distinct cluster. This high esterase activity was shown to be correlated to organophosphate resistance in N. lugens of rice (Chen and Sun 1994; Hemingway et al. 1999) . Esterase-associated resistance may be due to the production of a more efficient enzyme (Beeman and Schmidt 1982) , or to a gene duplication of an existing enzyme coding gene such as E4 (esterase-4) in Myzus persicae (Field and Devonshire 1992) , or to the evolution of an existing enzyme-coding gene to produce a variant of that enzyme (i.e., the duplicated FE4 variant or E4 in M. persicae) (Devonshire 1989; Devonshire and Field 1991; Field and Devonshire 1992; Field et al. 1993) . Therefore, the rice-infesting population of brown planthopper might be evolved through two mechanisms: (a) exposure to heavy applications of insecticides in rice fields, and the Leersia-infesting population is considered a primitive type because no insecticides have been applied to it, as Latif et al. (2008) reported earlier; and (b) speciation developed through different food habits, as many ecologists have accepted that such evolutionary processes are common in animals (Price 1980; Southwood 1978) .
The genetic distance (D) indicates the magnitude of genetic differentiation between populations. Genetic distance commonly ranged from nearly 0.01 for populations within species, 0.1 for different subspecies, and 1.0 for different species (Nei 1988) . A diagnostic allozyme marker (one locus) and the genetic distance (average 0.2) between brown planthoppers with high esterase activity (usually from rice) and those with low esterase activity (usually from L. hexandra) indicated that these populations represented two distinct but closely related species. Differentiation of the two species might have resulted from single-gene substitution or chromosomal rearrangements, provided that these changes act to interrupt the gene flow between populations (Bush 1975) . Hales (1991) stated, ''If functional sympatry can be shown to exist, absence of gene flow at only 1-2 loci indicates the presence of separate species.'' Electrophoretic techniques had been used for identifying sibling species of Eubazus spp., two groups of the freshwater prawn Macrobrachium nipponense, and two sibling species of the spruce web-spinning sawfly, Cephalcia fallenii, described by Kenis and Mills (1998) , Mashiko and Numachi (1993), and Battisti et al. (1998) , respectively. In other studies, two sibling species within Polydora cf. Ciliata (Manchenoko and Radashevsky 1998), a cryptic species allied to Halictus ligatus Say (Carman and Packer 1997) , and differentiation between Patrobus fossifrons and Patrobus stygicus (Pohl 1998) were detected by morphological characters and allozyme electrophoresis.
Hence, our finding of a diagnostic biochemical isozyme marker and the value of the genetic distance between brown planthoppers from rice, with high esterase activity, and those from L. hexandra, with low esterase activity, supports the view that the two sympatric populations of N. lugens are closely related but different biological species. This finding is in accordance with the suggestion of Claridge et al. (1985a, b) ; Tan et al. (1995) , and Latif et al. (2008) .
